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The offect of shoto-peoning prior to and baking after chrems plating
AIBI M340 steel was investigated at strength lsvals up %o 295,000 pei.
It vas found that this treatment had excellont bameficisl effacts on the
fatigue limits of chrome platedi3ho stesl at all the etrength lew:le
likely t0 b3 ussd in aircraft constymction.

1% wae dotorminod that thare was no ralationship batween the fatigue
limits and any of the other mechenical propertiecs of the plated ateel.
In the caso of the unplated steel, it vas sctedlished tbat thers vas
definito straight-line functional correlréicn between the fatigue limit
to elastic limit ratics and thes tensilo stwergth levels of the aiesl.
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I. IFRODUCTION

1. To meet the strength requiremsnts of som= mmterials applicaticms
in the aircraft {ndustry, efforts bave been mede o utilizz the potential
sdvantagz of the relstively high strength-weight ratio of «liocy steels by
hagt treatment to strength levels above 200,000 pei, and anre nearly
approeching 300,000 pei. However, increasing ths strength of important
steel compenent aircraft structures basyond the customary upper limit of
200,000 pei has introduced prrblems of hydrogen embrittlement and reduced
fatigue life. whenever such high-strengih steel verds have bgsen chrome
Platad by the standard electroplating practices. Tbe basic cbjective of
this project, authorized by reference (a), vas tc determine certain
specific ~ffacts of plating on high teraile etrength steels which affect
the aarviceability of aircraft parts.

2« Available data on steels of lower strength indicate that shot-
ptening prior to plating vwill redure the extent of fatigus damage -aused
by chroee plating, and that baking vill somevhat reduce the embrittle-
nent effects of hydrogen. Accordingly, Chromium Plating Specification
QQ-C~320 has boen amended to require that steel parts, Rockwell CLO
hardneses ard above, which are critical in fatigue, shali bs shot-peened
prior to aril baked after chrome plating, to develop optimun astrength
characteristics in plated aigh-strength stesl parts.

3. It wes not known, bowever, at vbat strength level above 220,000
psi the nev csquirement in ¢the spacificatica wvould {nsure avoidance of
seriocus emtyittlement effecte and fatigue . The pLrpose of {his
fecet of tly project, autdorized by referwnce (b), vas to 4 termine what
quantitati- effects shot-peening prior to and baking after chrome
pluting ha’ <o the fatiguwe limits of AISI 4340 steel, hsat treatesd to
strength lev'ls up to 295,000 psi.

L, Reference (b) further suggusted that there might be a possitle
correlation between ¢be elastic strenglh, as measured by tbe repeatad
load method, and the 7a%igue limit . As an additiocnal facet of tbis
project, then, a ratler .urgory investigetion wzs conducted to determii
“hether thore might o~ a significant correlatiorn between the elastic
atrength and the fatigu limit of plated and unpiatea L34C steel of
diffevent strengtn levels,

IT. SUMMARY CF RESULNTC

l. 1t wvas quantitatively deterainad that chroms plating kad a dslctari.
ous effect on the fatigue limits of the L3LC steal, ranging from a reduction
of betweer 55% and /% of ths fatigue limivs of thebasis mital. The amount
of fatigus damage vszled with the strength level, being great i at the
Lowar strungth lavel lsss at the interoediate strength lsvels, and incrossed
again at tha highest ttrength level. However, 14 wasz found that shot-
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ptoning prior to and daking after chrows plating hed excellent bemeficial
affects on tie fatigus limits of 2his stoel at all the sirength lzvels
l1iksly to be eacoantsred in aircraft construction. Shot-peaning end -
baking increased e fatigus lisdts of the plated specimene to valuss that
exceddad those of the bage mil, and increused the finits life ¢n an
even greater sxtani.

2. Tere proved to *z a definite linesr relationship between the
fatigue limit %o elastic limit ratios of the unplated stesl and ke tensile
sengil levels investigated, bButl no other relutionship %o any of ths othar
sschenical mroperties was escertained. In the caae ¢f ths plated steel,

oo correlatior at all wvas odtzinad dbetween tiz fatigus and elsstic limits
or ar> of the other sechanicel propertiss.
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T11. CORSLUBIONS

1. Te results of thie investizpdion clzarly soobasize b b o~
ficial effects that asy b2 derived by ubot-psening srior £o chirosme plationg
und subsequant baking ot chroms plated high strength 23k0 sdsel paris
in overcoming less in fatijue strength duz o the pleting. . rom this,
b= it may be concluded ¢hat all ohrome plated bigh strength sicel parts,

vadch ore uzed in appliesticns whwre high fatigus swpeagid or unlimited
1life ave dsaign critsria, sbouid bz shol-puunsd pricy to end baksd after
- chromz plating.

2. It wee ascartained that thore wvas a linesr cormmlation tetween
the ratios of the fatigus limit %o tha elastic limid and the tensile
strength lovels of the unplated 4340 stsel., Yhere wvere no ofbar relatica~
ships revsaled betweean ¢he fatigus limits and any of the othur mochanical
proparties of eitier the pla¥sd or unplated stea’

IV. RECOMMEEDATIONS

- 1. It is sirongly recommended that there be strict sdkerewce to the
reguiresents of Amendment [ of Chromium Plating Specificatisn QR-0-320
that plated paris vaich have o hardness of Rociwell ChO, or adove, which
ars designed for unlimited life unflar dynemic lozds, da shot-pesned
prior to plating srd baked after plading.

2, It is reccemendsd that edditional studien be initiated 1in ths

L folloving arcas %o supplement ths limited work dcoe and reportsd hsrein:
2. A comprevbsovive study of the relationehip of %Zue fadigue
- and elastic limits of a varliagsy of sisele at difforsat tansile slxength
levels;
o b. T probuble bzaeficial effuet of "coaxing” on ths fatigue

proporties of chroms plrged steals;

, c. 7Toa sffect of shot-peening tftsr plating on She fetiges
o propa-ties of rarcse | lated high strength astsels.
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L LIST 0% PLATES

= 1 - S-N Curves, 180,000 pei Strength level
2 - S-K Curwes, 235,000 psi Streagth Level
3 - 8-N Curves, 255,000 psi Strength Level

- L - S<H Curves, 295,000 psi Btyength Level

| 5 « Fatigus Limits

- 6 - Patigus Strengths at 20° Cycles
T « S=N Curves, 295,000 psi Stroength Lsvel, Effccis of Bhot Peening -

— Bofare and After Plating

8 - Macbanical Properties of the Plated Steel
9 - Mechanical Prop2rties of the Bare Stesl
10 - Ratio of Fatigue Limits to Other Mechanical Properties - Pla®ad Bieel

11 - Ratio of Fetigue Limits to Other Mechanicel Proporties - Eare Stscl
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JRUCRIFTION 07 TEST - AMALYSIS (P REGULTS

Daacriﬁim end Test Method

Lo Wis toizrial ueed was from a commercial beat of AXBI 5340 stuel
socecdoacs with HIl-8-5000A, msoting the msguirements showm bolow:
Carbon «38/.k3
{angane -~ .60/ .80
“hosphorus .0k0 Max.
MM‘? +ObO Max,
Silicon «20/.3%
Ricks) 1.65/2.0
Chromiue .70/.90
Kolybdenum .20/.30

2. Tie stesl wos normalised at 1600°F for 30 minutes, avstenitized
vy 1925°F T one hour, oi)l quenched, and then tempeied for ocs hour at
w1 Wwuppretures shown belov for the corresponding strength levels.

Gtrengih Levels/kad Tespering Tempsraturea
175-185 1000°F
230-240 T35°7
250-260 _ 630°F
285300 koo°r

3. 8kci-peered aspecimsns vere peensd in an airless blast mmohine, ?m"f’*
using $-110 heat-.reated steel shot to produce s uniform coverege 0 ppi
Laving an arc height of A2-.009" to .010", ey

k., Spocimens were chrome plated at a curreni density of 2 saperes/
square inch for two hours. The ratio of chromic scid to sulpiats ‘n the
chromiua plating bath vas 100 to 1; 33 ounces of chromic acid to the
gallca wvas used. The bath temperature wvas maintainsd at 13.°F ¢ 1°,
vith air agitatica. These plating conditions resulted in a plating
thicknees of 0.002", vith a tolsrance of -0.0005" ¢ O, -

S. Buking of spscimsns consisted af besating at 375°F 2 25° for
3-1/2 hours. The fatigue evaluation vas performed using standiard rotatir
bean type fatigue machines. The usual operating procedures wiure foliowed
of subjecting spacimens t0 successively lower values of stress and&:ermin-
ing the numder of cycles to failure, until a stross lavel wis reacies at
vhich the specimens did not fracture in a given mmber of cyclss, 20
a1llior cyclse in this investigation. Coutrol specimsns vere ground and
highty polished. ~ \

6. The fatigue evaluatinn consisted of establishing B-K curvees for
ztasls heat treated to obtain four different strength levels, sw0h sirvengih
lsvel involving curves for each of six groupe, as follows!:
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1. Control - basic metal

2, Chrome plated

3. Chroms plated and baked

%, Shot-peened

. Shot-peened and chroms plated

. Bhot-psoned, chrome plated and baked

7. 7Tn connaction vith the foatigue evaluatiuz, rather brisf and
coesininary investigations vere made of the following areas of iatarest:

2. E-8 curve of mecrined spscimens compared to that of ground
Luelmens, both groupe highly polished;

b. Bffect of chot-psening aftsr plating on the fatigue pyropertiss
¢! chrome plated steel;

c. Effect of "coexing® unpeensd chrome plated specimers ca tis
fatigus propertiea.

8. The elastic limits of the different strength level stecls were
deta:mined using standard .505" tensile specimens vhich were initially
highly polished. Using standard techniguss, two Baldwin SR-k sireain
gages, Type A-3, wvare sttached on opposite sides of the gage length of
each specimen. The strain gages ware connscted in seriee to give average
readings. A duplicate unstressed spescimeL vith strain giges wves
utilized to provide temperature compensation. As the tests proszressed,
1t vas obeerved that there vas considerabls slippags of the strain g ges
vith application of high loads. This vas attriduted to the high dagrec
of polish on the gags section of the specimsns. It wes found that if
the surfaces of ths highly polished specimens were roughsned slightly by
vapor blasting prior to the attachmsnt of the gages, the gage clippage wes
completsly eliminated.

9. Values of the elastic limit are, of course, arbitrary in nature
and depend upon the magnituds of the psrmansnt set sstablisiscd as a
standard, of vhica there seems to be a great lack of uniformity. Valuss
of tha elastic limits vary greatly vith the sensitivity and accurscy of
the testing and strain measuring equipment, eccentricity of losding ard
other factars. For the purpose of this evaluation, thes requiremsnts cof
the Federal Teat Method Standard No. 151 vere used as a criteria for the
deternination of the elastic limit, vhich is defined thereir ue tha
maxizam ctress wvhich causes a permanent set equal %0 or greater «iwma
0,000030 inch per inch of gagd length upon complete ralss~e of load.

10. A predetermined lond of spproximately 20% of thr expectsd elastic
limit vas applied eeveral times %0 coadition the strain gegee; which
stabiliand the operatioc and reduced the tendency of the gages o fail
%o return to the initial gzero after removal of the first loed. In mel:ing
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gtrain =sesurensnts, ths initial and fingl strain readings afier reaonal

of tast load were taken ueing a emell load of “out 200 lbs., instsnd

of sero load. B8train realings vere rocordsd a\ load and after renovel of
= loz2d, by talancirg the stra’n indicator. Cyclsas of loxding were reposted
with succesaively highar loads in ipcrements of 5000 lbs., uadi) a vlight
set vas obssrved, end then loeding procseded in srall incremensa of 1000
- 1ds., and later 500 1lbs., as the elastic limlt was ayproached.

11. After the elastic limit determinations were mody- tie SR-4 sRrain
g2586 were reuoved from the specimens and the usnal enginsvring tensile
duta vere odvteined using the standard sutographic methods,

- Analysis cf Rasulls

A. Winimization of the Adverse Effects of Chrome Plating on the

= Fatigw Life
1. Por the purpose of discussicn, the differeut strength lavels
= ware qualitatively clessified on ti» basis of the average of ths straengths

of turee tansile specizens of the unplated steel. On this basis, the

results of the fatigus evalustions are shown graphically ér Plates 1 to &,
— inclusive, for the 180 ksi, 235 ksi, 255 kei and 295 kel strength lavels,
respe-.tively. Ths usual emount of fatigue zcatter ves obtoimed, but in
thr interest of clarity, the individual ¢tsat plots are not ahovn on the
gruphs. Thadotriiled evaluation tecd resulis are listed in tobular form
in Appendix 1, Tables 1 tol,inclusive, for the 180 kof, 235 kai, 255 kei,
ana 295 ksi streagth levels, reapectively.

= 2. On Plate 5 are shovn the relative valuss of ths fatigus llmits
obtainzd for the varicus growps of spscimans, as affectsd by the diffsrent
surface tresatmonts. Ths fatigus limits, based on 20 million cycles of
- repeated ciress, are summarized bdalow, for each strength lawel, $ogethor
vith a comparicon of the valus of ¢\ fatigpw limit of each group to i%s
control:
- Petigus Linits
94rength Lovel, ksi 180 235 __ 235 2%
" bt % met $ ket _$  mt §
- Coutrol 8 100.0 98  10C.0 98 10C.0 97 100.0
: Flated 3 bs,2 & 1.6 T T8.6 48 bo,s5
Plated end baked 59 75.0 7%  80.6 7€  T7.6 L8 k3.5
§ dbot-pacrsd 21 08,3 101 103.1 W 104.1 88 unl.o
i Shot-~tenwa and slated 82 97.86 102 1041 97 69,9 % 9.8
% Ebotprenad, plated 95 1131 103 105.) 2% 101.0 11X 103.1

ard kalmsd
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‘ 3. In sizmilar fashion, the valwes of the fatigue strength at 100,000
. cycles ars sboim in graphical form on Plate 6 and are summarized velew for
each strength lovel, together with & comparison of tha valuss of tix
ratigue strength of aach group to its contyol: -
i Fatigue Stmngi'.l_n_ . |
Strength Lovel, kel 180 235 255 293
- ksi % xsi % kei % ksi %
Coatrol 109 120 117 100 125 100 133 100
o Plated 170 &h.2 o4 80.3 95 76,0 ‘T2 Sh.
! Plated and Baked 82 T5.2 100 85.5 89 T2 76 S57.1
' Shot-peened 1i$ 105.5 133 113.7 135 108.0 155 116.5
— Skot-veensd sod plated 104 Q5.4 120 102.6 132 105.6 135 101.5
Shut-paened, plated 112 102.8 130 111.1 141 112.8 139 10L.5
and talkse
- h, From en examinakion of the talulated and graphical presentation of
+the data, the following con lusions may be deduced concerning the effects
of the various treatments un the fatigue limits of 4340 steel at different
- strength levels.

a. Patigue limit values of the base metal increased with ultimate

— strength up to s certain point and then leveled off. Otksr investigators
have in fact, found that at the higher strength levels, the fatiges
limits actuaily decrease vith increosed tensile strength, Tiis would
indicate that there is nothing to be gained in going to an extremsly high
strength level solely in attempte to obtain increased fatigve limits for
the bage metal. EHowever, in the event thet structures, suck as eircrafi
landing gesrs, are designed on thz basis of static strength, then it |
- vould be advantagecus to go to & higher strength lovel since ths Tatigue

1imit would he mcxzawhat equivalent to that of the same structure designed

on the basis of a lower static strength. !

b, It vas quantitatively determin:d tkat chroms plating has a
deleterious effect on the fatigue life of steel, the smount of damage
— depending upon the strength level of the steel. It was found that the
percentage of reduction ir fatigue limit was greatest at the lower strength
lavel, rot as grest at the intermediate strengih levels, and i. :reased
agrin st the higher strength level.

c. Baking after plating hed considerable bensficial sffects at
the lower sirength level, but its effects were negligibls at ths higher
strengta lsvels, although in no case wers any barmful effects noted as &

result of boking.

4. Shot<peeuing increased the fatigue limits of the baze metal
in &1l caizs, the emount depending upon ths etvength lsvel of the stsal,
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preetor ieprovemant occurring at the lower strength. Since sho’~naoning
waa2nte are a recult of the zcmbination of cold vorking end ko
Infuring of comprensive rosidual s¥r.sses on the surface, the greator
bang fielal effocts at tha lower strength lavel sre probadly dus to tbe
Crecier suscepBibility of the lower strength steel to cold vorking. Even
thonsk the incrwate in fatigus limits of the base metal at soxe strangth
lovelews slight, 22 & reosult of shot-peening, in all cases, the increase
in €inits life wae conszidsreble.

¢. GShot-peening prior to plating wvas extremely bencficial, at
Linxo oven ineroesing the fatigue limits of plated specimens to values
chove: those of the basis metal, and incrmasing the finite life %o en even
grenier proportional extent. '

f. Baking specimsns (after plating) that bad been ~hot-pecned
prior %o plating was bensficial in all cuses, to the extent that specimens
uriergoing chot-peaning prior to and baking after plating hed fatigue
1imiCs that exceeded those of the base metal.

To summerize the results of this phase of the investigation, i3 was
found that shot-peening prior to and Laking after chrome piating hei
excellsnt bteneficial effects on the fatigue limits of 4340 steel at all
the strength levels liksly to be used in aircraft construction. The
findings of this investigation offer significant evidence to substantiate
ths reqQuirement of Amendment 1 of Specification QR-C-320 that all chroee
plated steels vhich are designed for unlimited 1ifa under dgmmmic losds
be shot-peened prior to and baked after chrome plating.

5. An economical and unique msthod of fabricating rotating deam

fatigue specimens had been developsd at the Asronavtical Materials lLaboratory

vhich involved grinding of specimens. It was considered desiradle to
continue to use this rapid fabricating technique in the evaluation of the
effects of shot-psening and baking on the fatigue properties cf the L3kO
ateel studied in this inveatigation. EHowever, it bhad bdeen reportsd by
an airframe manufacturer that grinding bad an adverse effect on the
fatigue properties of high strength ste¢ls. In order to confirm this,

a aroup of machined specimens at the 285-300 ksi strength level vas
checkad againat & group of ground specimens and the results, sbhova in
Table 4, indicate a slight superiority of 1000 psi in the fatigue limit
0? the wrchined specimens, a difference well within the ecopes of =xveri-
mental error,

6. It 1s believed that reduction in fagigue limit in the griniing of
high etrength vteeal parts may have been simply due to unfavoredble ¢rinding
conditions; that is, improper sabrasive, heavy grinding cuts, uasuitabdle
coolants, etc. Under controlled laborstory cootitions, using props:
sbresive, coolant and taking light grinding cuts, such as were utilized
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in this investigagion, it vas found that there wvas no significent difference
in ths fatigus propertiss of the ground and mechined stecl sysciasne.

P

7. Instanczs bave been reported in scm of the literature vhere

- shot-pesning spescimsns after, instesd of before pliting hel greatly
increazed the fatigue life of nickel plated steels. In coasiferation of
this poasidility occurring vith chrome plating, tvo groups of cpecimsns
at the 295 ksl strength level were shot-peensd after chrome plating and

t fatigus tested. The dotailed test results are listed in Table 5, and shown
grsphicelly on Plate T togsther with curves of spscimens peened before

; plating. A swEmery ani ompssison of the affects of shot-peening tefora

- and afisr plating and subsequont baking is shovm below:

Condition Patigue Limit/zei % Control
Control E/ 100
Shot-psened and plated 90 92.8
. Skot-peened, piated and baked 100 103.1
Plated and shot-peansd 99 102.1
Plated, shot-psensd and baked 102 105.2

Thus, the fatigue linit of spscimen) peensd after plating proved to bs
about 10§ greater than that of specimens peensd before plating. In oxrder
to dotermine vhat effects, if any, shot-peening aftsr plating kad on the

— corrosion resistant properties of the chrome plated steel, a nurder of
e2ch ¢yrs of broksn fatigus specimens were subjectsd to salt-spray corro-
tion tastas. It vas cbscrved that thz least corrodsd of the spocimans
tested were thoee yeuned after plating, theee specimens having less than

= 203 of the eurface corrofad in 115 hours. Specizens revealing maximum
effect of corrosion were thosz shot-pssnsd bufore plating, these specimens
showing LO %0 60% of the surface corrcdsd after 1 hour and 60 to 100%

- corroded after 115 hours. A detailed chart of ths effescts of surface
troatzents on ¢he corrosion resistant properties of these specixsns ie
shovn in Tadbls § emd are summarized belov in @ deccefiing order (f merit:

1. Plated and Peened
2. Plated, Peened and Baked
i 3. Plated and Baksd

= k., Plated only
5. Peened, Plated and Baked
6. Peensd ami Pleted

8. In afdition, microscopic exmmiuaticns vere mide of several of the
specimens to dotermine vha? physical effects shot-lsening aftsr plating
ked on tie chroms plating itsslf. There caemed to be very littls difference
batween the appearnnce of the chroalum costiangs of ths apscirans sbot-psensd
before or after plating., Feening afiar plating vould kave a tepdency to
minizize thes strese concentratica effects by rounding off the many mcro-
= ocopic cracks that aso present sa tiw surfece of an elsctrodeposited bard

eﬂ:r ERRRF R
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chromiur plsve. Peaening wvould appear to plece the surface of the plating
in & state of compressive rwgidus). strsss; both changes being conducive
o improved fatigus ropertiss. For the some ressons, improved corrosion
resistance sod stress corrosion resistance could be expected fraw tho
specimens peensd sftar plating.

9. From this limitad inveatigation, it vould ssem that cousidsration
could be given to ths poasilhility of shot-peening parts in service that
bid been suscaptible ¢o fatigue failure lecause of refuced fatigus proper-
ties due to chrome plating. Such parts could be resoved, zhot-peened
(vithout stripping the 7iating) and re-instalied vith a minimum of incon-
venience. Where rubbing surfacce are factors, these suifaces could be
smoothed by the honing procsss vhich treatment in itself is conducive to
improvad fatigus propertiss.

10. I% 45 o well knowm fect St remarkabie increases in tbe fatigue
strengths and fetigue limits of virgin sieel may be ovvained by W
"coaxing process.” The "comxing process” involves repeated understressing
for 10 nillion cycles at & level jJust belov the fatigue limi%, followad by
a fov millicn cycles at each of a series of highar stressss, increas2d in
gradual stzps. Hovever, no vork on the effect cf the "coaxing process” on
the fatijue properties of chrome plated steel is known < keve been publisbed.
In ordsr to cbtain some data vhich would be of acedemic interest end posuiblse
future practical use, a nuaber of chrowe plated specimsns were subjected
to the "ccaxing process”. Thais was done in a random and very restrictsd
faghion, since the number of specimens for the basic project itself vas
initislly limited. Spscimens that proved to heve unlimited life ware
subjected to increasing olrecs in incremsnts of 3000 pei and run for
5 million cycles at each stress level until fracture occurred. The highest
strass sustained by the specimens vithout freacture vas defined as the nev
coaxed fatigus limit. Rather interesting results were obtained es

follows:
Fatigve Limits, Unplated Steel
Virgin Shot-Peensd Coaxad#
-_~ength Level/ksi ksl ksi % Inc. kei % Inc.
0 84 91 8.3 93  10.7
23y 98 101 3.1 100 2.0
255 98 102 4,1 103 5.1
295 97 98 1.0 107 10.3

fatigue Limits, Plated Steel

Vir%in Shot-~Pesened Comxed®

Strenzth lavel/ksi ksI™ ¥ Tnc. kel % Inc.

180 38 8 115.8 56 47.3
235 76 102 3.2 81 6.6
255 T1 97 26.0 8¢ 1.7
295 48 90 87.5 (i 60,4

~Averars of 2 specimens
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Correlation of Fatigus and Elastic Limits

1. A preyicus investisation conducted st the Massachusetts Institute

of Technology, reference (c), indicated that there might be & gignificant .
correlation between the elastic limits, msesured by the repaasted load

mthod, and the fatigue limits of some stsels. If iy ie assumed that

fatigue damegs ocours wisn minute plastic deformation takss place, it

vould sesm reasonadle that fatigue limite and elastic limits might be

related, since tis elastic limite obtained by repeated loading were

also deterained on the basis of minute plastic deformation.

2. Since a considsrable amcunt of effort hed already been expended
in establishing pertinent rotating beam fatigue date on the L340 steels,
at a number ~f strev~ .t levels, an attempt ves made to detarmine whathsr
a correlation existed between the values of the fatigue limits of the bare
and piated metais and their elastic limits, I¢ was recognized thet the
valueh of the rotating bean fatigue limits (complete reversel of streess)
would be lower than the direct stress fa*igue limits (rero aminimwm to
meximm) ardl that the latter would more nearly simulate the loading
cycles used for elastic limit determinations. It was further recognized
that it 1s quite provable that there might be a correlation variatioa,
other then quantitative, due to the different methods of stressing; that
is, the rotating bdean specimens were subjected to flexure atroes vhercas
tha tensils specimens were subjected to direct stress. EHowever, duwe to
tin2 and financisl lémitations, it wes decided to forego at this tim: the
sore logical correlation evaluatiocn between clastic limits and direct
strees fatigue limits, both of vhich use the same type of losding in their
deterninatiocn.

3. Iu the investigation conducted at the Massachusettes Institute of
Technology, yreviously mentioned, at timea, recidual negative {compressive)
strains appeared after unloading at losfls bslov ths clastic limft. In
such cases, the elastic limit was defined as tie stress at vhich the
residval strain continued to increzse in the positive direction with
repeatad application and removal of the sam load at vhiich the initial
s2all increment of strain was first observed. After considerable study,
these investigators believed they vere justifisd in adopting this as @
generel criterion for elastic limit deteranination. Although no negative
strains vere ovuserved in the conduct of this eveluation at the Asronauticel
Materials laboratory, several specimens were evaluated using the mathod of
Buir, Averbach and Cohen and reascnable agreament wes obtained with the
values detarmined by using as a standard ths 0.000030 inch pex inch of gage
lsngth cc & permansnt set criterion for the elastic limit.

b, ‘Ths complste dsta on the mechanical propertiss of th: variocus
strength level stoels, based on an averuge of threz test spocimsns in the
plated and baye comlitions, are listed in detail in Table 6, and are
suzrarised bzlows
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Plated Metal
Tensile Yield Elastic Fatigue
Strength/  Strength/  Proporticual  Limi¢/ Limit/
ksi kel Limit/xsi ksi ksd
181.0 175.0 155.0 147.5 32,0
233.2 213.5 188.5 b, 7 76.0
258.2 230.0 196.5 152.9 T7.0
292.8 217.6 159.5 130.0 48,0
Bare Matal
Strength Teneile Yinld Elastic Fatigue
Level/ Strength/  Strength/  rroportional  Limi¢/ Lizit/
ksd ksl ksl _Linit/ks1 ksi a8
180 181.8 173.5 154.2 135.7 gh.0
235 236.0 225.5 197.3 147.6 98.0
255 2%.8 225.1 205.4 k.2 $8.0
295 296.7 221.4 BTN 137.3 97.0

5. The above data gwe shown graphically for ths plated and bare stesls
in Plates 8 and 9, respectively. It is apparvunt from an exsmination of
both the tabular and grephical data that (Wer:¢ ie no direct lincar
correlation batwsen the fatigue limit and uny one of the othsr sschanical
properties. However, the elsstic limit seows (o offer th2 best potential
as ths bdasis for the correlation of the fatigus limit to any single
gechanical property, the curve of the elastis limit more neerly ccinciding
vith that of the fatigue limit.

6. The saxa data at® suzaarized belov in ters of the retio of the
values of ths fatigue limits of the plated and darv steels to toe values
of the o*lmar machanical proparties, on & coaparison basis:

180 ksi 235 ket 259 xai 295 ksi
Bare rlated DBare Platad Bare Plated Baye Plated
Ultimate L62 210 AB15 L3295 <390 .2908 327 .16b4
Strength
Yiold L84 217 455  .356 435 .33% 438 .221
Strength

Proportional ShS Lewd 97 LJLO3 ATT 3% 600 .300
Limit
Rlastic o&b ‘258 o66§$ « 525 06% 053? '706 0369
Limit
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| 7. Graphically, the ratios of tae fatigue limits %o the other

o mechanical properties, for the plzisd and bare 4340 steels of differznt

- strength levels, is shovn on Plates 10 and 11, respectively. Sirce this

evaluation is coacernsd only vith the poszible correlatioa of <he fatigue

limits vith the other machanical properties, discussions ccacerning the

L viariation of mechanial propertises themselves with eitbzr hardness or
tompering temperature are not pertinent at this time.

! 8, In tie case of the plated steels, there is no evidence of any
| b correlation botween the fat< ue limits and any of the other mechanical
groperties of the plated steels. From ax examination of Plate 11, it
appears as if chere iz a definite straight line functicuzal correlation
between the ratioce of the fatigue iimits to the elastic limit ard the
different strength levels of btere L3U0 steel studied in this invessigation,
wt no corrslation 18 indiceted wvith the other mechanical propsriics of
the bere stsel.

9. A simple mathematical equation may ba dsvelopzd to shov the ro-
lationship of the ratics of the fatigue limits ¢o ¢i% elastic limits at
|- the varicus érength levels for the unplated steels, as followe:
|
; L R - 0.0008 TOS. <+ 003‘70
| R is the ratio of the fatigue limit to Ghe elastic limit
T.8. is the tensils strength of the steel in xsi
e 10. PFrom ths above, the fatigus limit for any strength level of the

basis L340 steel cuuli be predicted, if the elastic limit wore first
determined by the repested loed method, as described herein. Determina-

- ticn of the elastic limit is relatively fast and inexpen=ivs as compared
45 the standaré procedure for determining the fatigue limits.

11. It must be emphasized that the scope of this investigation was
exploratory in nature, and was intended merely to ascertain whsther there
. exisoted some sort of correlation. By its very limitatiocns, thz investiga-
' tion precluded the study of a variety of stsels, the use of the more
- sonsitive but time consuming Tuckeyman gegon, and the testing of larss
quaniities of specimens for proper statistical analysis. If further
investigation slong these linss is conterplated, it would be dssirabls

- to examine a nuzbsr of staels, using Tucksrman gages, and tasting a
; sufficient nuzbasr of specimens to give sigaificant statistical meaaning
! 20 the roemlts.
ke
[
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Fatigue Bvalustion Resulty, 180 ksi Strength lLewsl
Control Plated Plated and Bake.
Stress/psi _ Cycloo Stress/pei _ Cycles Stress/psi _ Cycles
120,000 41,000 120,000 11,000 120,000 17,000
112,000 65,000 110,000 21,000 110,000 . 45,000
1C5,000 13%,000 80,000 52,000 70,000 101,000
97,900 161,000 65,000 106,000 65,000 208,000
90,000 571,000 50,000 224,000 62,000 374,00
81,000 718,000 k0,000 ko3,00¢ 61,000 229,000
85,000 757,000 %9 000 2k6,000 60,00 135, 326.
83,000  22,28k,000* 33,000 18,010, 000% 60,200 1,250,000
84,000  28,879,000% 38,000 27,976,000
Shot.Peened,
Shot-Pesned Shot-Peensd and Plated Plated and Beked
Stress/pel _ Cycles Stress/psi  Cycles Btress/pei __Cycles
180,000 5k,000 120,000 27,000 120,000 47,000
110,000 141,000 105,000 93,000 110,000 93,000
100,00 668,000 95,000 271,000 105,000 275,00C
95,000 570,000 90,000 284,000 100,000 439,000
93,000 790,000 85,000 347,000 97,000 983,000
92,000 620,000 83.000 654,000 96,000 2,567,000
$1,000  27,000,000% 82,000  28,725,000% 95,000  22,000,000%
Susmary of Fatigue Test Results
Condition Fatigue Limit/pei
Pasis tetal 8k,000
Plated 38,00C
Plated and Baked 59,000
Shot-Peaned 91,000
Shot-Peened and Plated 82,000
Shot-Poened, Platsd and Baked 95,000
APPREDIX 1
TARLE 1

#Indicetes no faflure

ST
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Fatigue Evaluation Results, 235 ksi Strength Level ,
bt Control Plated Plated and Baked .
‘ 3 Bt:eani Cycles Stress/psi  Cycles Stress/psi  Cycles
3 140, 000 39,000 140, 00¢ 18,000 140,000 20,000
.2 120,000 80,000 120,000 32,000 120,000 42,000
g 120,000 88,000 100,000 82,000 110,000 52,000
105,000 210,000 - 90,000 89,000 100,000 96,000
100,000 195,900 80,000 158,000 90,000 170,000
100,000 22k, 060 78,000 183,000 85,000 399,000
99,000 20,147,000 77,000  19,995,000% 80,000 234,000
99,000 457,000 71,000 326,000 80,000 616,000
w’ow 38,86!0,000' |6’m 20,0’&0,0@ 79,@ 25,6%,@'
98,000  20,096,000% 76,000  36,661.,000% 79,000  66,293,000%
Shot-Peened,
RS, Shot-Pecned Shot-Peened and Plated Plated and Baked
Stress/psi _ Cycles Stress/psi _ Cycles Btress/pai _ Cyclee
- 140,000 47,000 140,000 26,900 14C,000 29,000
i 120,000 213,000 120,000 89,000 120,000 20k, 000
g 115,000 820,000 c——e- - ———— —————
i 110,000 1,316,000 110,000 163,000 110,000 1,877,000
105,000 3,824,000 105,000 676,000 105,000 7,141,000
1C3,000 1,383,000 10k,000 948,000 10k,000 5,921,000
102,000 4,917,000 103,000 329,000 103,000 22,929, 000%
101,000  2k4,24T,000% 102,000  65,688,000¢
Summary of Fatigue Test Results
Condition Fatigue Linmit/psi
Bastis Metal 98,000
Piated 76,006
Plated and Baked 79,000
Shot-Peened 101,000
Shot-Peoenad and Plated 102,000
Skot-Peensd, Pletsd and Bamed 103,000
APPEWDIX 1
TABLE 2

#Indisstes no failure
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Pasd $ion Re kol Stwe Lavel
Contrecl Plated Plated and Baked
Btnn[Ea Cyclss smu[ggi Cyclse ahuc[!l gggl_ea
140,004 31,000 120,000 34,000 120,000 29,000
130,250 45,000 100,000 ,000 100,000 90,000
120,000 81,000 85,000 178,000 90,000 90,000
110,000 §19,000 82,000 9,000 85,000 128,000
105,000 ©86,000 80,000 195,000 80,000 199,000
lw,m I’N,m 79’@ “66,0@ 78,“” ﬂs’m
99,000  2&,092,000% 78,000  20,8b1,000¢ T7,.000  3h,1k2,000%
99,000 73k,000 78,000 1,176,000 71,000 206,000
98,000  31,181,000% 71,000 27,122,000 76,000 29,37k, 000"
T7,000  22,16@,000% 76,000  26,1283,000%
Shot-Peened,
Shot-Peensd Shot-Peersié and Platsd Plated and Baked
M
Btress/pei _Cycles . BStreso/pei _Cycles Stress/pet ~Sycles
140,000 55,000 140,€00 k5,000 140,000 85,000
120,000 811,000 120,000 k62,000 120,000 1,129,000
110,000 511,000 110,000 411,000 110,000 k,163,000
107,000  1k,298,900 105,000 k,517,000 105,000 9,439,000
105,000 13,914,000 100,000 b, 722,000 100,000 11,723,000
103,000 2,253,000 99, 300 3,789,000 100,000 12,195,000
102,000 22,479,000 $8,000 2,472,000 99,000 25,150,000 %
$7,000  25,665,000%
Summary cf Fatigue Tust Reculta
Conditica Patigue Lioit/pst
Besis Mgtal 98,000
Plaited TT,000
Plated and Baked 76,000
Shot-peened 102,000
Shot-peensd and Platsed 97,000
Shot-poened, Pletsd and Baked 99,000
APPENDIX )
TARLE 3

*lcdicrtan o fellwe
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|
' Fatigue Evaluation Results, 295 kei Strength level
! ]
| Control Plated Plated and Beked
"
Stress/peil Cycles Straag[psi Cycles Stress/psi Cycles i
140,000 k9,000 97,000 23, .0 gg,ooo 39,000
135,000 123,000 90,000 39,000 ,000 202,000 :
130,000 190,000 80,000 83,000 50,000 470,000 ;
125,000 145,000 60,000 180,000 49,000 654,000 !
115,000 126,000 50,000 265,00 48,000  29,5kk,000% :
110,000 341,000 49,000 3,496,0 ) g
105,000 766,000 48,000 20,000, . ‘
100,000 906,000 48,000 25,686 ow
98,000 13,850,000
97,700  28,432,000%
97,000  21,234,000% l
|
Shot-Psened,
Shot-Peened S8hot-Peened and Plated Plated and Baked |
' {
| Stress/psi  Cycles Stress/psi _ Cycles  Stress/psi _ Cycles
!
3 155,000 1b,00C 140,000 66,000 140,000 128,000
| 145,000 199,000 120,000 321,000 120,000 325,000
| 135,000 391,000 110,000 333,000 110,000 1,431,000
: 110,000 3,273,000 100,000 10,113,000 108,000 8,233,000
| 105,000 5,727,000 95,000 3,029,000 105,000 5,408,000
| 109,000 8,785,000 92,000 2,070,000 105,000 4,158,000 i
99,000 11,801,000 91,000 18,132,000 102,000 12,160,000 !
N, GO0 15,899,000 90,000 25,705,000% 100,000 33,000,000% |
98, 00 30, 342, 000% 90,000  22,981,000%
i
|
Machined ;
i
Stress/psi  Cycles
1L0,000 34,000
125,000 85,000
110,000 245,600 APPENDIX 1
100,000 2,159,000 TARLE 4
99,000 1,538,000 {Pags i of 2 Pages)

98,000 27,758,000
98,000  2).,597,000%

8Indicates no fallure
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PAR? X311 -
295 xui S¢rength level !catwnnd!
of Fat Test Results '
Condition a Limit/psi o
Basis Xetal- Macbirad 98,000
Pesis Metal- Grousd (Control) 97,00 .
Plated 48,000
Fiabed and Baked 18,000
Shot-Peensd 98,000 .
Shot-Peened and Pladed 50,000
Shot-Psened, Flated an? Baked 105,000 .
|
é
|
’ -
|
|
*
|
|
|
APFERDIX |
PARLE L

(Peza 2 of 2 Teree)
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Fatigue lévaluation Results, 295 ksi Strength level
Peening After Chram Plating s

Plzated and Shot-Peened Plated, Shot-Peened and Baked

Stress/psi Cycles Stress/psi __Cycles
140,000 171,000 140,000 179,000
120,000 433,000 120,000 1,862,000
110,000 2,082,000 110,000 4,321,000
105,000 5,396,000 107,000 3,875,000
10k, 000 2,707,000 106,000 6,67k ,000
103,000 1,879,000 105,000 3,222,000
102,000 17,998,000 105,000 6,Ll7,00n
101,000 8,427,000 104,000 17,470,000
100,000 15,869,000 103,000 9,978,000
99,000 20,853,000% 102,000 25,768,000%

Sumpary of Fatigue Teat Results

Condition Fatigue Limit/psi
Base VMetal §7,000
Plated L8,000
Plated and Baked 48,000
Shot-Peened 98,000
Shot-Peened and Plated 90,000
Shot-Pesned, Plated and Baked 100,000
Plated and Shot-Peened 99,000
Plated, Shot-Peened and Baked 102,000

APPENDIX 1
AABLE 5

# Indicates no failure




Results of Static Strength Tests -

All Strength Levels

180 ksi Strength Level

Bare Steel

A% Ll10 AleT
FART? XIXI

Ultimate Strength/psi Yield Strength/psi Proportional Limit/ps! Elsctic Limit/pei

Avg .

181,100
182,800
181,500
181,800

173,500
173,500

173,5%
173,500

Plated Steel

175,000
17? »000
175!000
175,000

150,000
157,5CC
155,00C
154,267

157,500
150,000

157,500
155,000

235 ksi Strength Level

Bare Steel

137,500
135,000
137,500

136,667

147,500
147,500
147,500
147,500

Ultimate Strength/psi Yield Strength/psi Proportional Limit/psi Elastic limit/psi

Avg.

Avg.

230,740
239,490
237,600

236,010

239,3%
231,320
23122h0

233,983

212,650
218,010
216,320

215,473

Plated Steel

218, 360
211,510
210,550

213,457

188,970
201,500
g01,hoo

197,257

199,080
178,320
188,210

188,537

150,680
145,330
1L6,700

147,570

141,840
145,620
146,700

1bb, 720

APPENDIX 1
TABLE 6
(Page 1 of 2 Pages)
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PART XTIX
255 ksi Stsength Level
Bare Stoel s

Ultimate Strength/psi Yield Strength/psi Proportional Limit/psi Elastic Limit/psi .

250, 340 226,450 209,030 116,800
251,830 224,960 204,030 15,450
251,340 223,960 198,080 140,350
Avg. 251,170 225,123 205,360 144,200
Plated Steel
261,530 231,810 193,180 146,000
251,630 225,379 198,130 142,100
261,530 232,800 198,130 14C,64C
Avg. 258,230 229,993 195,480 1Lk2,930

295 ksi Strength Level
Bare Steel

Ultimate Strength/psi Yield Strength/psi Proportional Lim!t/psi Elastic Limit/psg

305,590 223,960 159,2¢6C 139,350
283,950 221,300 166,730 142,130
300,610 218,500 158,26C 130,520
Avg. 296,717 221,387 161,417 137,333
Plated Steel
285,420 217,830 162,820 126,200
290,600 215,650 157,880 130,740
3ce, 219,060 157,860 133,200
Avg. 292,807 217,59 159,527 130,046
!

AFPENDIX 1

TABLE 6

(Page 2 of 2 Pav .)
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